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ABSTRALT

The X-TIF numevical sethod for cslculating tze T iew: dvmemics o Twr
interpenetrating fluids %as been exterded a=Z arp.ied I~ the t3ufr ~f fliy I
a pressurized vate? reacrer during &2 hypothetizal l1oss f coclar? aziident.
he pethod is verified by the compariscr o0f resulls with stall sca.e exper:i-
aents. The extensiocz to larger scale prorvides a tertative preligtisn of e
apprepriate inflow velocisy scaling Tequired 2o achieve flow simi_avicw at all
scales.

INTRCDOCUION

Az area c! irterest iz =uclear reac2oT safelr studies is the hvrTothezizal
accident in which a2 sudden depressurizatice =f 3 sTessurizec water Teac:cT
(PWR,) occurs through the Tupture cf & wvalter :nlel supPplvr rire. As 2 vesu.: °f
such a hypothetical depressurizazion the coolan: vater in the realcr IcTe
would flash to s.eam and flow towar! the drcker fale? leg. In the -n::kclv
event of a loss of coolant acciden: cf this Ivpe, AL emergenct  waler Suppiv is
icjected through the intact izlet legs irnto the iowncomer, w*'-! 1S :hc ANNUIAY
region betvwesn the reactor core and the Suter vesse. wall. The effectiveness
of the emergency core coolant depencds upon the amcunt thal reaches he over

pienum of the reactor; aay coolan? That is entrained iv the rising sceae flov
and carried out the broker lug wiil e 108t t0 the svs:iem.

In this grudy ve exzmine the turtulent aixing of the 1iguid anc gas rhases
in this downcomer regicn, and the resuiting mass, momentum and heat :ransfev
betveen the phases and the confining walls. Sclutions are cbtained throug: e
use of the K-TIF numerical method (1 . for cal.ulating the sransien: dvnamics of
twd interpenetrating fluids moving a: far subdsoni: speeds. “ass anc =comerniur
equations for the liquid and the gas ard a temperaiire ecuazidr fcr the l:icui:
are solved irn this numerical procecure. The zas is alwars assudec > “e a:
saturation temperature. The capabili:y exists for suddividing the gas ~hase
into two components, steam and air, in order to account for the possidle intrTo-
duction of air to the system 1f the dovncomer pressure falls Selow ambien:.

The numerical method i{s verified by a comparison of calzulated resul:s
vith experimental measurements i{n scaie models >f existing PAR's for a varie:w
of water injection rates and subcoolings, steam f.cv and Pressure ramp races
and vall superheat. The numerical method :s alsc used ¢ zal:zulate flow at
scales larger than existing experimental models and a: full scale. These sca-
ing studies have a threefcold purpose: v provide guildance for PWR ldcensing,
to aid in the interpretation of small scaie experinmen:s, and to hel; assess the
potential usefulness of proposed large scale experimental facilities.
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A system of four; interlinked, cryogenic fractional distillation columns has
been designed as a prototype for fuel processirg for fusion power reactors. The
distillation system will continuously separate a feedstream of 360 g moles/day of
roughly 50-50 deuterium~-tritium containing “1Z H iato four product streams: 1) a
tritiun-free stream of HD for waste disposal; 2) a stream of high-purity D2 for
sinulated neutral beam injeccion; 3) a stream of DT for simulated reactor refueling;
and 4) a stream of high purity T2 for refueling and studies on properties of tritiun

and effects of tritium on raterials, \

INTRODUCTION i
The purpose, functions, and major subsystems of UF%#
A L
the Tritium Systems Test Assembly (TSTA) are de- MPURITIES TREATMENT
scribed elsewhere in these proceedings(l). A key
subsysten of TSTA is the Isotope Separation System ~ wumAL ACUUM ‘ r fuee | -
"“" MOCKUP " "". SYSTEm t“ " CLEAN=UP
(15S), which the present paper will discuss in depth | IMTERFACE ) : -
as to purpose and functions; design concepts and ' 1 _.I::.—.1
considerations; design method, including laboratory' STORAGE [ - ts[',s,g{g',’fo,.*

peasurenents; and the detailed design of the final

]
process.
PURPOSE AMD FUNCTIONS OF THE ISS !

The role of the ISS in the overall TSTA process:
(60

Figure 1, Functions of ISS in TSTA Process,

is summarized in Figure 1, Details are available

1
and need not be repeated here. The principal sep- ° Neutrol Beam Return gg 37?:
D; Recycle
A} D: Wakeup

» Makey,
Clecirotytic Hy, KO, KT Ny <HI3

-—{cau }—

aration duties required of the ISS are shown in
Figure 2,

Product Streans ' . §

The four product streams were selected to glve o g 0.4 9300 E g;&gg:;
a full verification and demonstration of the tech- + 1 H, | N ojoTe 0028 - .
niques of isotope sepa;ation needed for fusion B [ c ! ]
power reactors and to provide maximum flexibility ' L v QLL&B———_~.~—vL——-g;39*Z
in the operation of TSTA, Product streams needed B Tivoo
by eventual commercial reactors may be fewer in i 1_3
nuaber or have different purity requirements from 1 ';5:
‘these; however, the cest to TSTA for the four-prod-' - TT s T 0"
uct system chosen would not have been significantlyi Figure 2, Principal Separation Duties of ISS
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decreased by deleting one streaa or by relaxing any
purity requirements, while flexibi’.ty to meet i
changing requirements would have been substantially
impaired. : !
The purpose of the HD waste stream, the topmost.
stream shown in Figure 2, is to elininate from the
fuel process loop unwanted hydrogen (H) which ap-
pears as a result of outgassing, ninor leaks, dif-
' The ISS
provides a hydrogen-rich atrezm which can be dis-

usion, and isotope exchange reactions,

charged directly to the environment free of tritiuml

down to a level of 20 Ci/yr.

Figure 2, the Dz strean, has a design purity of !
99.96+7% D2 with moat of the recainder (>80Z) being '

HD rather than DT or HT.
of this stream, to simulate a stream for neutral
beaa injection, was set in c.ordination with TNS
design teams,

The third stream shown is the primary strcam
for simulated reactor refueling, consisting of a
nedarly equimolar mixture of D-T. The bottommost
stream shown 1in Eigurguz is a high-purity streem of
Tz to be used at TSTA for laboratory studies on
properties of tritium and on effects of tritium on
materials. A commercial reactor perhaps would not
require such a stream unless a tritium neutral beam
is used for additional heating of the plasma.
Feed Streams

The feed rate to the ISS is that required for

a full-scale (several hundred MW) commercial fusion
reactor. Two feed streams are shown in Figura 2 -
namely, the feed to Column 1, which is the primary
TSTA process flow coming directly from the Fuel
Cleanup System (see Fig. 1) of 360 g moles/day of
D-T plugs 1 mol2 HZ' containing less than 1 ppm
total noncondensible impurities; and, secondly, the
stream (A) shown joining with the distillate from
the top of Colum 1. To understand fully the rea-

gons bahind this secondary feed, It is neccssary to

understand both the internal ISS process, which will

be discugssad in the succeeding sectlon, as well as

_the interrclationships between the ISS and the

Neutral Deam Interface, the Fuel Cleanup System, and

the Tritium Waste Treatment., These interrelation-

fratnt LI T B
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The second stream im '

The purity specificatiun |

3) D2 makaup; and 4) electrolytic Hz, HD, HT. The
 first of these has a flowrate of about 35 moles/

up the neutral beamline,

' System,

ships are shown schematically in Figure 3,
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Figure 3. Interrelationships of ISS
with other Subsystems,

The four components of feedstream A are listed

as follows: 1) neutral beam return; 2) Dz recycle
1

day consisting primarily of D2 (98%) contaminated
with hydrogen and with tritium from backstreaming
The VDZ
nent is a relatively large flows (248 molas/day) of

recy:le" compo~_

almost pure D2 whose purpose 1s to help split HT

~ into HD and DT in the two equilibrators, as will

be explained more fully later. the "Dz makeup"”

component is simply to replace D which unavoldably

. leaves the system with HD waste and is designed to

be less than 4 moles/day of D,, but will, of
Final~-
ly, the elaectrolytic hydrogens processed in the

courae, depend on the rate of H ingrowth.

ISS arise from electrolytic decomposition of all
waters formed and/or trapped out in the Fuel
Cleanup System and the Emergency Tritium Cleanup
This feature pernmits the recovery and
reuse of virtually all tritium that combinaa vith
carhon, oxygen, or nitrogen impurities in the
fueling process or accidentally spills Into the
process room.
DESICN CONCEPTS AND CONSIDERATIONS .

Cryogenic fractional distillation was selected

. as the process to effect the separations just dip-.

cugssed after an appraisal was made of previous

. work in the 5epnrntién of hydrogen lsotopes. . In



the late 1940's and early '50's, studies by the

U, S. Atomic Energy Commission on separating deu-
teriun from hydrogen for heavy water production(z'B)
concluded that cryogenic distillartion was an at-
tractive choice because of its advantages of rela-
tively large separation factors, low power consuap-
tion, high throughputs, relatively short start-up
times, and flexibility of design.

signed(4) but never built in the U, 5., but sinilar
(5,6) )

A plant was de-
plants were bullt in both France and Russia
In the 1960's and '70's, interest arose in sepa-
rating tritium from isotopic mixtures for recover=-

ing tritium or reducing contamination. Again cryo-
A batch ‘
still for tritium recovery was built in 1966 at

genic distillation proved attractive.

Savannah River Plant znd a multicolumn, continuous
still was built in 1971 a: L'Institut Max Von Laue-
Paul Langevin 1in Grenoble, France(s’g). Thus, in
addition to the advantages found previously, the
advantages of building on existing cormercial ex-
perience were considered in the selection of cryo=
genic distillation,
Equilibrators~ -~ — — =
Besides the distillation columms, the two
catalytic equilibrators located before and after
Column 2 (Fig. 2) play an integral part in the sep~
aration scheme, Table I lists the six isotopic
specles present in order of increasing molecular

welight (or decreasing volatility).

TABLE I

1. H, discard to

2, 1D environment

3. HE~~TT T 7T
TTTAI D,

5. DT retain in

6. T2 process

The functions of the ISS as described are to pro-
vide usable products of ff4, #5, and 6, and to

discard ff1, and #2 to the environment., This leaves

the problem of sepavating #3 (MT) so as to discard
the H and retain the T, which obviously cannot bLe
accomplished by distillation alone, but can be done
with the room-temperature, catalytir equilibrators,
- In the equilibrators, the HT molecule is split in
the presence of D2 Znto HD ‘and DT according to the

reversible reaction HT + D, =, D + DT.

However,

e =g

this will not proceed far vo the right, as de-
sired, expect in the presence of a large excess of
DZ' which is most conveniently provided by the
"D2 recycle" stream shown ip Figures 2 and 3. The
second equilibrator, following Column 2, carries
the splitting of HT still further after the re-
noval of the reaction product HD by Column 2,
Thereby, both the HD waste stream and the D2
neutral beam stream are produced with adequately
low levels of tritium (0.1 and 30 ppm respective-
ly).

Tritium Inventory

.

. ventory.

"1 (34 g) and Column 3 (58 g).

Because cryogenic distillation involves

tritium in a condensed state, a disadvantage of

" the process is jts relatively large tritium in-~

In TSTA, a majority of all process
tritium (V100 out of 170 g) is contained in the ISS;
though this would not be true for a ccmmercial

reactor, Minimization of tritium inveniory 1is not

" a goal of TSTA; rather TSTA 1is to demonstrate that

tritium can be handled routinely and safely in
quantities exceeding 100 g, Nevertheless tritium
inventory is a design consideration because an™
important goal of the project is to understand the
relationships between design parameters and triti-
um inventory. »

The tritium inventory in each column in the

' final design of the ISS is shown in Table III,

Most of the total of v100 g is seen to be in Colum
The inventory in

Column 1 could be reduced in a commercial reactor
by leaving more D2 in the bottom stream from this
column, which would reduce the size of the column

and would ieave more D, in the f£inal DT product

strean. The key to befng able to extract less D2
at the top of Column 1 and still have sufficient
D2 to drive the two equilibrators is the previous
discussed "D2 recycle" stream. This was not done
extensively in TSTA beccause the cost of the ISS

would have been substantially unchanged and it

would have reduced the flexibility to meet changi

specifications on product or fecd streams. Also

" inventory could be reduced in a commercial reacr.

if no high-purity tritium stream is needed for



reducing or perhaps elim-

neutral beans, by greatly
inating Column 3 with its 58 g inventory.

Coluan Pressure

The nominal operating pressure of the distilla-
tion columns was set at 101,35 kPa (760 torr) fol-
lowing consideration of the several factors in-
volved. The separation factors (relative volatil-
ties) of all components increase as pressure de-
creases below the critical, Thus the necessary
column heights are less the lower the operating
pressure, However, it was thought undesirable for
safety reasons to operate below the local atmo-
sphere (585 torr). Because the ISS is a prototype
for nationwide application, pressures no lower .
than a standard sea level atmosphere were judged
appropriate, Higher operating pressures would
decrease colunmn diameters (while increasing the [
heights), but because the required diameters were
already small there was no advantage to increasing
the pressure above 760 torr, .
Refrigeration Cycle

Refrigeration for the ISS will be provided by

a standard commercial refrigerator with a capacity’

of 450 W a: 20 K. Alternatively, energy input
requirements could be reduced by about one-third
by integrating the refrigeration cycle with the
distillation process by utilizing the column

reboilers as precoclers in the refrigeration cycle,

This more efficient cycle was not chosen for TSTA
because operating ease and flexibility would be
lost and savinge would be nominal in this size
system,
Comouter Control

Like all major subsystems of the TSTA, the ISS
is designed to be integrated with a large central

computer, which will monitor and control the pro-
cess., A speclal feature of this integration will
be the inclusion of four or five quadrupole rass
spectrozeters, which will provide on-line analyses
of stream cenpositions to the computer for use in
its control functions.

DESIGN METHOD

' The majo:‘pfbéésg-dééigh.éaiaufhtioﬂé in their

final form were made by means of a computer code

P VL BLUEILIO 2 e

' multiple feed streams, but does not treat multiple,

' interlinked columns together as a system.

~ the relative volatilities for Dzlnr/rz'.md the

S ——

for standard multicomponent distillation, modi-~ .
fied for use with tritium systems. The original
code was gencrously furnished to LASL by Profes-
sor Donald Hanson of the Chemical Engineering
Department at the University of California,
Berkeley, and was modified by one of us (R. H. S,)
to include the following:

i) The actual molal heats of vaporization were
used instead of the usual assumption of
equal molal heats and equal molal overflows
within columns,
i11) Provision was made to allow both 2 constant
‘and a composition~depeandent addition (or
subtraction) of heat on any theoretical
separation plate., This permitted proper ac-

counting for the radioactive heat of decay
of tritium,
1ii) Experfmentally determined values (see the
following section) were used for relative
volatilities of the three principal isotopic
species - Dz, DT, and Tz.

iv) Experimentally determined values (see the

following section) were used for the sepa=

rating efficiency or Height Equivalent to a !
Theoretical Plate (lLTP) of specific column .
packings for the isotople =mixcures.

v) An impertant design consideration, tritium !

inventory, was computed from compositions on

each plate, summed, and printed out.

The design code can treat columns having

Inter-
linking the columns was done by hand forx TSTA.

Fxperirontal Determination of Desipgn Parameters

Because only limited data were available for

tritium systems, laboratory measurements were made:
to determine two of the l'ey design parameters on !

which the least information was available - namely;

separating cfficiency (measured as HETP) of com-
A third

parameter, the allowable vapor velocity, was also

mercial distillation column packings.

explored“id-thc laboraﬁory for cbmparisonkﬁitﬁ -

other sources.




The relative volatility of two components 1is,

of course, related to their vapor pressures and is
essentially the geparation factor for a single
stage distillation of those corponents. Values
werz measured for DZIDT and for Dzl'l‘2 and were
found to lie about 5% below the ideal values cox-
puted as the ratio of vapor pressures of the pure
componentsslo)
HETP's were measured in a small, prototype
distillation coluzn of 9.5emm 1.d. x 457=m in
packed height.
two different commercial column packings, as de-
scribed in Tabla II., Both packings indjicated a
vold fraction of 0.88 as packed. The first packing

was tested only on mixtures of hydrogen (protium)

Series of tests were made using

and deuterium and the second was tested both with
H-D and D-T mixtures.
of HETP of 50 + 5 mm.

the procesy design calculations

The results indicated values

A value of 50 m was used in

TALL.: ITI, Specifications of Packing Materials Teusted in Prototype
nfg. name model no, mat'l descript, dimen.
- -Eglin- — — col, packing -~ — 1664 - .gt, -st, - wire coilg— — - -1,5x l.5Smm— — — - —
Podbielniak Heli~Pak 3012 st. st. flat'n'd helices 0.03 x 0,07 x 0.07 in.

TABLE III.
i

"tions.

_Table III,

‘are enclosed in a single, stainless steel, vacuum

Final Design Specifications of the 1SS

col, inside

Superficial vapor velocicies were also measuted:
in the prototype still. Velocities up to 66 mm/sec
were obtained with no sigu of deterioration 1ﬁ sep-
arating efficiency or column performance. Other
workers have operated successfully using vapor
velocities above 125 mmn/sec in mixtures of hydrogen
isotopes and similar packings. A vapor velocity off

89 mm/sec was used in the process design calcula=-

FINAL PROCCSS DESIGN

Within the constrzints mentioned, a system was
designed by use of the computer code to rerform the
required separations shown in Figure 2. 7The re-

sulting system specifications arr summarized in

The four columns -~ together with redundant in-

s:rumentation,“necessary interconnecting and re-

frigeration piping, and a thermal shield at 77 K -

col, packed Refrig. tritiunm

ht,, m diam,, mm @ 20K, W inventory, g
Col. 1 4,11 l 29.0 38.6 34.3
Col. 2 4.06 19.0 18.2 0.1
Col. 3 3.20 23.2 24,1 57.5
Col. & 4,11 38.0 64.6 10.3
Over-all Total 5.5% 71,2 145.5° 102.2°

a
b

outer vacuum shell
excluding heat leak
¢ including reboilers




.shéll, uhich also serves as secondary containment
for the prucess tritium, This unic will be sup-
plied and tested commcrcially at a cost of about
$1,2 million, with installation at TSTA scheduled
for 1981,
SIMMARY
A description 1is presented of the functions,
design concepts, and final design of a system of
four, interlinked, cryogenic distillation columns
for separating a stream of mixed hydrogen isotopes l
into four high-purity product streams neecded in a |
prototype D-T fueling system for fusion power |
reactors,
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Water volume flow plots showing chree stages in flow development prior
to the onset of water delivery to the lower plenum. Top. The injected
water accumulates below the inlet legs. Middle. As a result of momen-
tum transfer from the steam, the water i1s set in a swirling motion in
the region above the inlet legs. Bottom. Additional momentum transfer
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Fig. &#. Computation mesh and boundary conditions used in the transient flow
comparisons at 2/15, 1/2, and full scales. In these calculations steam
was injected throughout those parts of the lower plenum that were not
occupied by water.

full scale are from the same calculation in all four plots. The water and
steam inflow specification used in that calculation are obtained from a system
calculation of a hypothetical loss of coolant accident in a full scale reactor.

The purpose of these comparisons is to determine which type of inflow
specification results in small scale results that are similar to full scale in
the sense described above, i.e., that have the same per cent of injected water
delivered to the lower plenur when the lower plenum is 90% full, and that have
reached the same stage of flow development. The latter criterion is satisfied
in all cases except Fig. 6, for which the water and steam inflow velocities are
oroportional to scale. In that case the 2/15 scale calculation did not develop
beyond the first stage of flow development, while the 1/2 scale calculation
reached the second stage of development and the full scale calculation reached
the third stage.

The first criterion for similarity of flow at different scales seems to be
best satisfied in Fig. 8, in which the inflow velocity of the water is propor-
tional tu scale and the inflow velocity of the steam is the same at all scales.
Thus at this stage of the numerical scaling study this appears to be the best
type of boundary specification.

The results in Figs. 5-8 can be explained in terms cf the effect that the
various inflow velocity specifications have on the area of contact and the rel-
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Fig. 5. Water delivered to the lower plenum (solid lines) and bypassed through
the broken leg (dashed lines) as a percentage of water injected up to
that time when the inflow velocities of wat.v and steam are constant
with scale. Results are shown for 2/15, 1/2, and full scale calcula-
tions.
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Fig. 6. Water delivered to the lcwer plenum (solid lines) and bypassed through
the broken leg (dashed lines) as a percentage of water injected up to
that time when the inflow velocities of water and steam are proportion-
al to scale. Results are shown for 2/15, 1/2, and full scale calcula-
tions.
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Water delivered to the lower plenum (solid lines) and bvpassed through
the breoken leg {dashed lines) as a percentage of water injected up to
that time when the inflow velocityvy of water is proportional to scale
and the inflow velocity of steam is constant with scale. Resuits are
shown for 2/15, 1/2, and full scale calculations.



exchange. The area of contact Letween the fluids is influenced to a great ex-
tent by the amount of spreadiag of the inflowing water, and this spreading is
in turn related to the local overpressure resulting from the volumetric source
of wvater in that mesh cell. For an incompressible fluid the pressure change in
a control volume is proportional to the input rate of volume per unit volume
per unit time. If the inflow velocity of the water is proportional to scale,
then the overpressure, the spreading and the contact interfacial area will also
be proportional to scale. When the contact interface is proportional to scale,
the area available for mass and momentum transfer through condensation and
fluid drag will also be proportiocnal to scale.

It is also importaut that the relative velocity between the phases be the
same at all scales in order that the momentum traunsfer scale appropriately.

The relative velccity within the dowvncomer is determined from the difference
between the inflow velocities of water and steam. However, since the inflow
velocity of the steam is many times that of the water, the relative velocity of
flow within the downcomer is primerilv determined by the inflow velocity of the
Steanm.

Thus, similarity of flow at all scales requires that the inflow velocity
of the water be proportional to scale and the inflow velocity of the steam be
the same at all scales. These are the corditions that exisc for the three cal-
culations of Fig. 8, and these results show a greater similarity of flow at
different scale than those of Figs. 5-7.
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